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Artificial changes to the atmosphere's properties are difficult to achieve on
anything other than a very small scale, however, air beam dumps from high­
energy accelerators create enormous ionization levels, which could be used to
influence thunderstorms or other atmospheric phenomena. The spatiotem­
porally confined air beam-dumps could virtually short-circuit the gigawatt
global electrical circuit or simulate intense cosmic radiation ionization at
low altitudes (which is normally removed by atmospheric screening). The
ions formed will act as condensation nuclei in cloud formation. Induced air­
radioactivity by electromagnetic showers is radiologically negligible and far
below the maximum permissible concentrations. Some fifty accelerators exist
in the ~ GeV range (e.g. synchrotron radiation facilities), which could be
utilized. Enhanced cosmic radiation observed during thunderstorms suggests
that the atmosphere acts as a transient amplifier, which might be exploited
by the use of accelerators. Intriguing atmospheric phenomena not replica­
ble in the laboratory could also be investigated, power removed from the
atmospheric circuit and methods of weather ll10dification developed.
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1. Introduction

Atmospheric air ions are responsible for the electrical conductivity of air, and therefore

the steady-state transfer of charge in the atmospheric electrical circuit [1,2]. The forma­

tion of molecular ions (hereafter referred to simply as 'ions') in the atmosphere is caused

naturally by a combination of cosmic rays, surface gamma radiation and diffusion of

Radon isotopes in the boundary layer, but cosmic rays dominate ion production in the

upper atmosphere. Note that the amplification factor, as a ratio of the energy of the

latent heat released in the production of droplets to the energy to create the ion, can be

as much as 1014, assuming 1 to 100 ions trigger nucleation [3]. The suggestion here is to

employ high-energy accelerators directed upwards from the surface, to cause an intense

and rapid ion shower through much of the troposphere. Calculations suggest that this

could be achieved with existing accelerator systems, and that it would be quite practical

to cause substantial atmospheric changes with these systems, as well as with the larger

accelerators planned for the future.

2. Atmospheric significance of ions

Studies of the possible long-term changes in air conductivity from radioactive decays of

85Iir [4, 5], have suggested that at low levels of ionisation, effects on the atmospheric

electrical system as a whole are negligible. Intense ion showers, however, might be ex­

pected to have a much greater effect. Additional ion production could lead to greater

cloud production by heterogeneous nucleation, as addition of even a single ion can de­

crease the potential energy of an embryonic cluster of a few dozen molecules [3]. Excess

atmospheric ionisation could also cause alternative discharge paths in thunderstorms,

initiate electrical discharges, or lead to new atmospheric charge distributions by con­

vective transport. Hence we now estimate at what atmospheric ion concentration the

atmospheric effects would be significant.

The conductivity a of air is given by the steady-state ion concentration, determined

by ion production and loss (by recombination or aerosol attachment), by

a = lie [-;3Z + j(;3Z)2 + 4aq)] (1)
a

where q is the volumetric ion production rate, a the ion-ion recombination coefficient,

f-l the ion mobility, j3 the ion-aerosol attachment coefficient, and Z the (monodisperse)

aerosol number concentration. At large ionisation rates, the air conductivity will there­

fore scale as yIq. The net ion production rate qs expected from an atmospheric volume
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containing radioactive species of concentration of c decays (per unit time per unit vol­

ume) is qs = c . ERIWi , where Wi is the work done in air in forming an ion pair (Wi ~

35 eV), and E R is the energy of the emitted radiation [6], i.e. the ionisation caused

is linearly proportional to a radioisotope's air concentration. Hence the air conductiv­

ity will vary also as the square-root of the ion concentration produced by a shower.

Figure 1 shows the vertical variation of air conductivity, in the presence of various levels

of background ionisation qb [7], which also illustrates the likely reduction in atmospheric

columnar resistance with increases in qb.

We shall now estimate what ion concentration would be required to short-circuit a

thundercloud, extending the analysis of [8] to a cloud of finite dimensions [9]. Atmo­

spheric ions are removed by three processes, ion-ion recombination, ion-aerosol attach­

ment, or in-cloud ion-droplet attachment (scavenging). Their relative magnitudes are

approximately similar, although in detail they depend on the aerosol and droplet size

distribution, the amount of aerosol charging, and the electric field within the cloud.

Assuming that there are equal concentrations per unit volume of positive and negative

ions (n), the ion birth-death equation is

dn 2& = qs - an - j3Zn - ,Cn (2)

with C water droplets per unit volume, and, the ion-droplet scavenging coefficient.

The ion mobility under standard conditions (20°C, 1013 mbaI') is about Jls=1.2xl0- 4 m 2y-1s-1

[10], and the corresponding recombination coefficient is as=1.6x10-12 m3s-1. The ion­

droplet attachment coefficient , ~2x10-13m4s-1V-I E, where E is the electric field

strength [8].

In its mature stage, a thundercloud is considered to be of approximately 12 km in

vertical extent [11], and to have a central temperature of about -18°C, in the region where

charge exchange is occurring, with a corresponding pressure of about 350 mbaI'. Scaling

the ion properties to this height gives /l(-18°C, 350 mbar)=3.36xl0-4m 2y-1s-1 [12],

a(-18°C)=2.0x10-12m3s-1 [13], and, for a 0.2 /lm radius aerosol, j3 =1.9x10-11 m3s-1

[14]. The electrical conductivity of air is a = 2enJi , (for for approximately equal ion

concentrations n), where e is the charge of the proton, and up to the Ohmic saturation

current, the conduction charge flux Jc in a field E is Jc = a E ~ 2neJiE. The one­

dimensional time evolution of the cloud's electric field [15] may be written as

(3)
dE

dt to

where Jh is the hyrometeor charge flux causing the charge-exchange, and f is a factor
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to account for the non-infinite parallel plate nature of the cloud. (For a cloud of equal

width and height, f ~ 0.1 [9]).

The field growth within the cloud is approximately exponential,

(4)

where ~ is chosen by consideration of the breakdown field in air (Eb=300 kY· m- I ),

when the field growth ceases, and is ~ 0.08 assuming a growth from 100 Y'm- I in 100

s. Jh may be estimated from equations (3) and (4) as

(5)

If field growth within the storm is to occur, the necessary condition is Jh ~ Jc ,

i. e. that the cloud electrification current is considerably greater than the discharging

current. Equating these two tern1s, the critical ion concentration nc is

co~
n c = 2eJ.1f· (6)

and the corresponding critical ionisation rate qc at which Jh = Jc is given from

when the cloud cannot develop an electric field. Inserting values gives

as the ionisation rate required by the shower to short-circuit the electrification process.

We now consider if this can be achieved using a high energy accelerator system.

3. Ion production by high energy air showers

The air-showers starting from the Earth's surface will deposit their energy in the Tro­

posphere (Fig. 2, 3), the region of cloud formation and thunderstorm activity. About 1

% of the initial electromagnetic energy, which is not negligible, remains to be deposited

after'" 25 Xo = 925 gjcm2 (~ 18 km) [16]. Most of the initial particle energy (ER ) is

dissipated in the atmosphere by atomic/molecular ionization and excitation. We confine

ourselves to electromagnetic showers here, since their environmental impact (i.e. from

induced radioactivity) is negligible (section 4.); furthermore some fifty electron accelera­

tors in the GeV range already exist or are under construction [17]. Part of the absorbed
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energy is released optically (A ~ 300 - 400 nm and 0.5 % yield), and part is emitted

as Cherenkov uv-light (A ::; 250 nm and a relative yield of '" 0.1 %) [18]. We assume

therefore, that an incident 1 Ce1/ e± will lead to the atmospheric release of :

a) Nions = ER/Wi ~ 6 . 107 [electrons-ions],

b) NCherenkov ~ 105 [uv photons], and

c) JvJluorescence ~ 2 .105 [scintillation photons].

These numbers will scale linearly with the primary particle energy E R [Ce1/] and the

flux of the incident particles. It is the intense and high energy accelerator beams with

some 1011 -1012 particles per bunch, which make the otherwise weak accelerator currents

(with nanocoulomb charge and nanosecond duration bunches) of practical importance

for atmospheric physics. The uv component could conceivably influence atmospheric

chemistry.

For n1uons with energies above'" 100 Ce1/, radiative processes become more impor­

tant than ionization [19]. Those muons can escape from an accelerator or from external

beam lines, which can then also initiate electromagnetic air showers (Fig. 3). We stress

here that even though their radiological impact is likely to be negligible (section 4.),

their potential atmospheric impact might not be, depending on the magnitude of con­

ductivity changes due to ionization. So prospective muon colliders in the r-v TeV range

are of particular interest, since muons are highly penetrating. In addition, these high

energy muons can escape from the earth's atmosphere, and the decay electrons will be

highly suitable for simulating cosmic air showers. The range for'" 100 GeV muons in

the atmosphere and Earth's dipole magnetic field (Bmax '" 10-4 T) is effectively infinite

in terrestrial terms. Therefore beams from existing high energy accelerators (and espe­

cially those from the future muon colliders [20]), could be used for air-showers not just

locally, but effectively anywhere on the globe.

The total energy available, from a single bunch of particles of r-v nanosecond duration

in the GeV range, is ~ 1020 e1/. Such spatiotemporally confined energies are very rare

in cosmic showers [21], scaling with", 1/Ei/ :

'" 1/(100 km)2 - sr - year at 102°e1/ and '" 1/km2 - sr - sec at 1015 e1/.

Cosmic rays have previously been linked with atmospheric phenomena [22]. However,

the net energy to be deposited with accelerator beam-dump within one ion lifetime in

air (~ 200 s [23]) can be enormously high (r-v 1023 _1027 e1/). If we assume an air beam­

dump energy equal to the energy stored in the beam of the planned 7 TeV LHC (CERN)

machine (a 2 . 1012 W pulse of '" 90 flS), its isotropic light flash from atmospheric

scintillation would be '" 1010 W. This compares with the optical power of natural
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lightning of ~ 109 - 1011 ltV [24]. However, electron accelerators with'" GeV beam

energy would seem to be quite adequate to produce atmospheric effects. To steer an

electron beam of 1 and 10 GeV upwards, the radii of curvature inside a 5 T magnetic field

are 0.6 m and 6 m respectively, while the energy loss due to synchrotron radiation is below

1% [19]. Table 1 gives predicted charges released by air-ionization during a beam-dump

for various accelerators, which are large compared with atmospheric charges. Assuming

a maximum air shower core volume of '" 300 x 300 x 10000 m3 (s. Fig. 3), the released

ion-concentrations due to one single 12 ns LINAC pulse will be I"V 109 m -3 and for

one LEP fill '" 1013 m-3
, within'" (20-100) J-lS (the shower propagation time). Within

this relatively long time period, the transient ionisation rates of '" 1013
- 1017 m-3s- 1

are clearly above the critical value qc of section (2). The associated local and temporal

increase in air conductivity would be up to six orders of magnitude. Taking the smaller

accelerator performances from Table 1, i. e. the LINACs with their'" 100 Hz repetition

rate [25], continuous ionisation could be maintained at a rate of '" (1011 - 1013
) ion pairs

m-3s-1 , greater by '" 103 - 105 than that caused by cosmic rays and Radon (the major

natural sources of air ionisation) [26]. However, with the intense Synchrotron Radiation

Facilities, e.g. ESRF [25], the predicted continuous ion production rate can be as large

as 1015 m -3S-1 (s. Table 1).

Transient electric field strengths of'" 10-100 kV/cm, likely to exist during lightning

discharges [2,27], exceed the breakdown limit of air (some kV/cm), and thus could lead

to an avalanche of secondary electrons and ions, i.e. a plasma. This would be further

enhanced by the externally injected charges, and an amplification factor of 104 - 106 has

been found in proportional chambers. In addition, the relativistic electrons and positrons

from the shower are accelerated inside such fields, which agrees at least qualitatively with

the observed bursts of photons (up to I"V 100 keV) [28] correlated with lightning flashes;

most of the photons would be absorbed close to where they were formed, causing still

more ionisation charges.

4. Induced air-radioactivity

Radioactivity produced by high energy electromagnetic showers (e) is orders of magni­

tude lower than that from energetic protons (p). The (short lived) air radioactivity ex­

pected from a beam dump of I"V 1023 eV (e.g. LEP's stored beam energy) is '" 1 kBq/m3

(or about '" 1 Ci in total), which corresponds to I"V 0.25 pSv jh = 25 prad/h [25]. For

comparison, the dose due to natural cosmic rays at 2 km and 5 km altitude, is rv 5
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/lrad/h and", 20 /lrad/h, respectively [29]. Assuming 1000 such beam-dumps per day,

it is important to observe that the radioactive concentration is still '" 10 to 100 times be­

low the Inaximum permissible concentration (MPC) at accelerator sites for whole-body

exposure for a 40hour week [30].

The chief isotopes produced would be the pure 13+ emitters 13N (85%) and 150 (14

%), with half-lives of 10 min and 2 min, respectively. Thus, no permanent effect would

result, and the radioactive isotopes would appear well above'" 3 Xo or '" 1 km altitude

below which self-absorption by the atmosphere would further reduce their radiological

impact at the Earth's surface. The radiological impact of energetic muons would also

be negligible, since the physics of the muon interaction with matter is very similar to

that of electrons [16]. For comparison, the existing long lived ('" 11 years) atmospheric

radioactive 85fir is '" 108 Ci [4]. During an air-beam-dump however, it would be prudent

to restrict access to the region used, because of the intense radiation.

5. Conclusion

Our calculations suggest that the accelerator performance required in order to per­

turb atmospheric phenomena would be quite modest. Construction of compact, (even

portable), electron accelerators in the '" 0.1 to 1 GeV range would then become of

practical importance [31]. These estimates demonstrate that the charging processes of

thunderstorms could be directly altered by the use of a high energy accelerator, directed

upward, and the Monte-Carlo simulations show that the shower would penetrate far

enough into the cloud. To minimize the risk of unforeseen adverse environmental affects

it would be essential to start such investigations with low beam intensity and energy.

There is also the possibility that at some energies lightning would be initiated by the

shower, rather than the usual use of rocket-bourne wires of '" 200 m [32]. Initiating

discharges by this means to a fixed, high melting -point metal plate, could provide a

method of extracting energy from the atmospheric electrical system. Correlations could

also be examined using cosmic air shower detector arrays [21], to measure the energy,

timing and direction of the cosmic event together with any meteorological phenomena

triggered or changed by the ion shower. The use of accelerators in this way could lead to

investigation of other intriguing atmospheric phenomena not replicable in the laboratory

[33].
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Table 1.

Ionization charges (Q = 2x absorbed energyIWi) expected to be created in air for a

number of accelerators at CERN and at SLAC [25], covering a wide energy range. (The

2 /1S, 23 IlS and 90 IlS used in the 3rd column is the time needed to empty all stored

bunches inside the ring accelerator, while the following'" nsIps time intervals refer to

one single bunch, i.e. the time resolving power ). The free charges created increase for

oblique muon injection angles at '" TeV accordingly.

Accelerator Energy QI~t 1)

CERN/LINAC (e) 600 MeV 1 Cis or 10 mC/12 ns

SLAC/LINAC (e) 7 GeV 300 Cis or 3 C/3 ps

CERN/PS (e) 3.5 GeV 1.3 C/2 /1S or 0.16 C/O.5 ns

CERN ISPS (e) 20 GeV 6 C/23 /1S or 0.7 C/130 ps

ESRF (e) 6 GeV 105 Cis or 10 C/3/1s

CERN/LEP (e) 55 GeV 103 C/90 J.ls or 250 C/·50 ps

CERN/LHC (p) 7 TeV 107 C/90 /1S or 3400 C/ 250 PS

Muon Collider '" 2 TeV '" 104 Cis

1) For comparison, note:

a) the mean charge in a lightning flash is [23] '" 16 C,

b) the separated charges of a typical thundercloud are [2] '" 100 C,

c) the total Earth's surface charge is [4, 23] -5· 105 C, and

d) the total charge in the atmosphere is [4] '" 7 . 105 C.
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Figure captions

Figure 1. Atmospheric air conductivity plotted as a function of vertical height, in

the presence of constant background ionisation rates qb of 0, 1010 and 1014 m-3 . 8-1 .

The corresponding integrated columnar resistances are 1.2 . 1017 , 2.4 . 1015 and 2.4 . 1013

n respectively.

Figure 2. Part of the atmospheric electrical global circuit. Large arrows indicate

flow of positive charge. The comibined global thunderstorms represent the 108
- 109 V

electrical generator [1, 2]. Shower profiles from a high energy cosmic event (right) and

an accelerator beam dump (left) are inserted (not to scale).

Figure 3. Monte Carlo simulation (GEANT3 [34]) of the development of high en­

ergy electromagnetic air-showers. The electrons/muons enter the atmosphere vertically

at a height of 500 m. The cutoff energy of the shower particles (" e±) is at 1 MeV. Sim­

ulated number of showers: a) - b) 1000, c) 100, d) 10 and e) - h) 100. The longitudinal

maximum of the electron air shower in radiation lengths is at xmax[xo]~ 1.5·ln(E/ E e ).

The radiation length of air at STP is Xo = 37 g/cm2 or 304 m, and E e = 81 MeV.

The main transverse development scale of the shower is given by the Moliere radius RM,

which for air is RM ~ 80 m [19], hence the maximum ionization inside the core of the

electron shower could be up to f'V 10 times greater than that considered in the text.
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